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Primordial Black Holes (PBH) arise naturally from high peaks in the curvature power spectrum of
near-inflection-point single-field inflation, and could constitute today the dominant component of the
dark matter in the universe. In this letter we explore the possibility that a broad spectrum of PBH
is formed in models of Critical Higgs Inflation (CHI), where the near-inflection point is related to the
critical value of the RGE running of both the Higgs self-coupling λ(µ) and its non-minimal coupling
to gravity ξ(µ). We show that, for a wide range of model parameters, a half-domed-shaped peak in
the matter spectrum arises at sufficiently small scales that it passes all the constraints from large
scale structure observations. The predicted cosmic microwave background spectrum at large scales
is in agreement with Planck 2015 data, and has a relatively large tensor-to-scalar ratio that may soon
be detected by B-mode polarization experiments. Moreover, the wide peak in the power spectrum
gives an approximately lognormal PBH distribution in the range of masses 0.01 − 100M, which
could explain the LIGO merger events, while passing all present PBH observational constraints.
The stochastic background of gravitational waves coming from the unresolved black-hole-binary
mergers could also be detected by LISA or PTA. Furthermore, the parameters of the CHI model are
consistent, within 2σ, with the measured Higgs parameters at the LHC and their running. Future
measurements of the PBH mass spectrum could allow us to obtain complementary information about
the Higgs couplings at energies well above the EW scale, and thus constrain new physics beyond
the Standard Model.
Introduction. The first direct detection of gravitational
waves (GWs) by LIGO has initiated a new era of astron-
omy [1] and opened the possibility to test the nature of
dark matter, specially if its dominant component is pri-
mordial black holes (PBH) [2]. These massive black holes
could arise in the early universe from the gravitational
collapse of matter/radiation on large-amplitude curva-
ture fluctuations generated during inflation [3, 4]. All
that is required is a super-slow-roll period (i.e. a plateau
feature in the potential) during which the inflaton quan-
tum fluctuations get amplified and produce a peak in the
spatial curvature power spectrum [5]. The mass and spin
distribution of the generated PBH then depends on the
details of the inflationary dynamics and their subsequent
evolution during the radiation and matter eras. Its detec-
tion and characterization by LIGO, VIRGO and future
GW detectors will allow us to open a new window into
the physics of the early universe.
The nature of the inflaton field responsible for the ini-
tial acceleration of the universe is still unknown. Obser-
vations of the temperature and polarization anisotropies
in the cosmic microwave background (CMB) suggests a
special inflaton dynamics, dominated by a flat plateau
on large scales [7]. Such type of potentials arise natu-
rally in models of Higgs Inflation [8], where the scalar
field responsible for inflation is the Higgs boson of the
Standard Model (SM) of Particle Physics, with its usual
couplings to ordinary matter (gauge fields, quarks and
leptons), plus a new non-minimal coupling ξ to gravity.
This economical scenario not only passes all solar system
and CMB observational constraints, but also predicts a
small tensor-to-scalar ratio and a large reheating temper-
ature [9].
Recent measurements of αs and mtop hint at the pos-
sibility, envisioned by Froggatt and Nielsen in 1979 [10],
that the running of the Higgs self-coupling to large energy
scales, via the renormalization group equations (RGE),
could lead to a critical point φ = µ, with λ(µ) =
βλ(µ) = 0, where λ(φ) has a minimum [11]. This sce-
nario was explored in the context of critical Higgs infla-
tion in Ref. [12], generating the right amplitude of CMB
anisotropies with a relatively small ξ coupling. In this
paper, we extend the analysis of [12] taking into account
also the running of the ξ coupling. This extra feature
in the inflationary potential can induce a brief plateau
of super-slow-roll conditions at scales much smaller than
those of the CMB, giving rise to a peak in the matter
power spectrum.
Critical Higgs Inflation, CMB and Particle Physics. In
this letter, we explore this critical Higgs scenario, taking
into account both the RGE running of the Higgs self-
coupling and its non-minimal coupling to gravity [13].
The action of the Higgs-inflaton model is given by
S=
∫
d4x
√
g
[(
1
2κ2
+
ξ(φ)
2
φ2
)
R− 1
2
(∂φ)2 − 1
4
λ(φ)φ4
]
,
(1)
where κ2 ≡ 8piG = 1/M2Pl, and we have expanded the
running of the couplings around the critical point, φ = µ,
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FIG. 1: Top panels: the Critical Higgs Inflation potential (left) and its curvature power spectrum PR(N) (right). The large
and broad half-dome peak at small scales (N < ∆N) is responsible for PBH production over a wide range of masses. Bottom
panels: evolution of the number of e-folds (left) and the slow-roll parameters (right) for the exact equations of motion.
as
λ(φ) = λ0 + bλ ln
2 (φ/µ) , (2)
ξ(φ) = ξ0 + bξ ln (φ/µ) . (3)
After a standard metric and scalar field redefinitions,
gµν →
(
1 + ξ(φ)φ2
)
gµν , (4)
φ→ ϕ =
∫
dφ
√
1 + φ2(ξ(φ) + 6(ξ(φ) + φξ(φ)′/2)2)
1 + ξ(φ)φ2
(5)
the effective inflationary potential becomes
V (x) =
V0 (1 + a ln
2 x)x4
(1 + c (1 + b lnx)x2)2
, (6)
with V0 = λ0µ
4/4, a = bλ/λ0, b = bξ/ξ0 and c = ξ0 κ
2µ2.
The potential has a flat plateau at large values of the
field x = φ/µ, see top-left panel of Fig. 1, where
V∞ ≡ V (x xc) ' V0 a
(b c)2
=
1
4κ4
bλ
b2ξ
M4P . (7)
Note that the small value of H2inf = κ
2V∞/3  M2P is
determined in this model by the RGE running of the
SM Higgs couplings λ and ξ. The potential also has a
short secondary plateau around the critical point, where
the inflaton-Higgs slows down and induces a large peak
in the curvature power spectrum. This second plateau
is induced by a near-inflection point at x = xc, where
V ′(xc) ' 0, V ′′(xc) ' 0. As a consequence, the number
of e-folds has a sharp jump ∆N at that point, cf. bottom-
left panel of Fig. 1, plus a slow rise towards larger field
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FIG. 2: Left-panel: (ns, r)-plane of CHI. The region with denser color corresponds to ∆N ∈ (30, 35) and the contours represents
the 1 and 2σ Planck constraints for models with variable ns, dns/d ln k and r, obtained from the Planck Legacy Archive. Right
panel: height of the peak as a function of its width. In both cases, the star corresponds to the reference parameter choice with
ns = 0.952, r = 0.043, ∆N = 33.5 and PR(xmax)/PR(x65) = 2.3× 104 and the other points are all within β ∈ (0.1− 9)× 10−4
and ∆N ∈ (10, 45).
values, corresponding to CMB scales.
This behavior is very similar to the one discussed in
Ref. [5]. Following this reference, we have computed the
exact inflationary evolution. One should notice that, al-
though the slow-roll parameter (N) = κ2ϕ′(N)2/2 is
always smaller than one, its variation ′(N)/(N) can
be larger around the near inflection point [6]. Still, for
a large set of the CHI parameter space, the inflaton
slows down around xc, producing a broad peak in the
spectrum, but keeps enough inertia to cross the near-
inflection point and continue rolling down the potential
towards the end of inflation in just a few e-folds. This
is exemplified in the bottom-right panel of Fig. 1. Thus,
CHI can produce a successful inflation with a character-
istic half-dome peak in the spectrum at small scales.
We chose to explore the predictions of the model in
terms of the height and width of the peak in the power
spectrum, see top-right panel of Fig. 1. The height of
the peak relative to the amplitude at CMB scales (A2s)
is controlled by the closeness of xc to a true inflection
point, V ′(xc) = V ′′(xc) = 0. The width of the peak is
determined by the jump in the number of e-folds, ∆N .
There will be a true inflection point at xc if
a(xc, c) =
4
1 + c x2c + 2 lnxc − 4 ln2 xc
, (8)
b(xc, c) =
2(1 + c x2c + 4 lnxc + 2c x
2
c lnxc)
c x2c(1 + c x
2
c + 2 lnxc − 4 ln2 xc)
. (9)
Thus, a near-inflection point can be characterized by
a → a(xc, c) and b → (1 − β) b(xc, c). Then, the rel-
ative height of the peak will be inversely proportional to
β and will increase with the width ∆N . We explore the
(β, ξ0, xc, c) parameter space searching for power spec-
tra consistent with the latest CMB constraints and pro-
ducing a sizeable peak at xc. The value of λ0 is chosen to
match to the observed CMB amplitude A2s. Therefore,
there is a one-to-one correspondence between each point
of the viable parameter space, and the parameters of the
potential via Eqs. (8−9).
We have studied the main CMB observables (the scalar
spectral index ns, its running, αs = dns/d ln k, and the
tensor-to-scalar ratio r), as a function of (xc, c), for dif-
ferent heights and widths. We find that, for each pair
(β, ∆N), there are many choices of (xc, c) that give rise
to valid cosmologies. In particular, we have chosen as
reference point in parameter space,
β = 10−5 , ∆N = 33.5 , xc = 0.784 , c = 0.77 , (10)
which give the CMB parameters
ns = 0.952 , r = 0.043 , αs = −0.0017 , (11)
perfectly within the 2σ limits of Planck 2015 [7].
We present in Fig. 2a the predictions of our model
for a range of parameters in the (ns, r)-plane for β ∈
(0.1 − 9) × 10−4, and ∆N ∈ (10, 45), together with the
1 and 2σ constraints from CMB anisotropies, as mea-
sured by Planck 2015, shown by the grey contours. We
show in color the values of the non-minimal coupling ξ0
in the (ns, r)-plane. The region with denser color rep-
resents cases with ∆N ∈ (30, 35), which produce a suffi-
ciently large peak in the power spectrum at small scales
to later give rise to PBH through gravitational collapse
upon reentry [3]. This region tends to give low spec-
tral index, ns < 0.956, and large tensor-to-scalar ratios,
r > 0.019, while cases with lower ∆N display a better
fit to Planck data but cannot generate significant popu-
lations of PBHs. In the right panel of Fig. 2 we show the
ratio PR(xmax)/PR(x65) of the amplitude of the fluctu-
ations at its maximum, xmax, over the amplitude at the
inflationary plateau, x65, as a function of ∆N . The color
code indicates the spectral tilt ns for each particular case.
This figure shows that significantly large ratios can only
4be obtained for large values of ∆N , which are also asso-
ciated with lower values of ns.
The reference point (10) corresponds to the model pa-
rameters
λ0 = 2.23× 10−7 , ξ0 = 7.55 , κ2µ2 = 0.102 ,
bλ = 1.2× 10−6 , bξ = 11.5 .
(12)
In order to have a large PBH production and a good
agreement with the CMB constraints, the allowed range
of CHI parameters can be enlarged to λ0 ∼ (0.01 −
8) × 10−7, ξ0 ∼ (0.5 − 15), κ2µ2 ∼ (0.05 − 1.2), bλ ∼
(0.008− 4)× 10−6 and bξ ∼ (1− 18), for ∆N ∈ (30, 35).
The question arises whether these values, corresponding
to the model parameters at the critical scale µ, are con-
sistent with the values of the SM parameters at the EW
scale. Given the latest values of mtop and αs, the val-
ues of λ0 and bλ that we consider for the Higgs quar-
tic coupling, are consistent, within 2σ, with the exis-
tence of a critical point βλ(µ) = λ(µ) = 0 around scales
µ ∼ 1017 − 1018 GeV, via the RGE equations of the
SM. On the other hand, the non-minimal coupling of
the Higgs to gravity is still unknown, but is a natu-
ral consequence of quantum field theory in curved space
time [13]. It has been argued that, to avoid contribution
from higher-order effective operators to the Higgs poten-
tial, the coupling ξ should be sufficiently small [14]. In
our model, the inclusion of the running of ξ, in Eq. (3),
gives reasonably small values for these parameters.
Future measurements of the PBH mass spectrum will
allow us to obtain complementary information about the
SM couplings of the Higgs at high energy scales, which al-
lows one to have a large lever arm for the RGE running of
these couplings from the EW scale to almost the Planck
scale. A detailed analysis of the compatibility of these co-
efficients with the predictions of the SM non-minimally
coupled to gravity requires further work, possibly with
the inclusion of threshold corrections, see [15].
It is also interesting to note that this CHI scenario
predicts an amplitude of tensor modes that lies within
the target range of present and next-generation B-mode
experiments [16]. Moreover, the large amplitude of cur-
vature fluctuations a few e-folds before the end of in-
flation, see Fig. 1, may induce a significantly inhomo-
geneous reheating upon reentry, which could have im-
portant consequences for the reheating temperature and
possibly also for the production of PBH and gravita-
tional waves at preheating, see e.g. [17]. In particular,
we find that the energy density at the end of inflation
is ρend = 4 × 1063 GeV4 and the estimated reheating
temperature (for g∗ = 106.75), Trh = 3.2 × 1015 GeV, is
relatively high, justifying our choice of N = 65 e-folds of
inflation.
Production of PBHs and DM. We use the Press-
Schechter formalism of gravitational collapse to compute
the probability that a given horizon-sized volume forms a
PBH when a large curvature fluctuation, ζ > ζc, reenters
the horizon during the radiation era [18], and not even
radiation pressure can prevent collapse, as described in
Ref. [5]. Thus, the fraction of PBHs at formation can be
computed from [4]
βf (M) =
ρPBH
ρtot
(tf ) = erfc
(
ζc√
2PR
)
. (13)
The mass of the PBH at formation is essentially given
(within an order-one efficiency factor γ) by the total
mass within the horizon at the time of reentry, i.e.
MPBH ∼ γM2Pl e2N/2Hinf . In our case, for the large and
wide peak in PR(k) at small scales, one finds an approx-
imate lognormal distribution of masses for PBH,
P (M) =
Aµ
M
√
2piσ2
exp
(
− ln
2(M/µ)
2σ2
)
, (14)
with a sharp drop at high masses due to the half-dome
shape of the peak, see Fig. 1. This characteristic shape
also shifts the peak of the mass spectrum to higher val-
ues since the PBH mass exponentially depends on the
number of e-folds at reentry. The distribution of PBHs
at equality is fully characterized by the physics of infla-
tion through PR(k); its evolution during radiation dom-
ination, which linearly increases with the scale factor
βeq(M) = βf (M) · aeq/a(tM ); and the evaporation due
to Hawking radiation, which erases the lightest PBHs.
We find that for the range of ∆N ∈ (30 − 35), PBHs
can constitute the total DM at equality, i.e. ΩeqPBH =∫
βeq(M) d lnM = 0.42, within the uncertainty range of
ζc ∼ (0.05 − 1) [18]. For the reference point in param-
eter space that we have chosen, we use ζc = 0.052 and
γ = 0.4. Here we do not consider any quantum diffusion
during inflation [19] or a non-linear growth in mass be-
fore equality. These effects might increase the abundance
of PBHs at equality ΩeqPBH.
From equality to the present times, the mass distri-
bution will shift to higher masses due to merging and
accretion. In this CHI scenario, there is a very wide
peak in the matter spectrum at small scales. This means
that PBHs will cluster in very dense environments, which
can significantly increase the frequency of black-hole-
binary mergers [2]. In order to exactly determine the
mass distribution of PBHs today, one would have to
solve the non-linear evolution with a N-body simula-
tion. Following Ref. [20], we estimate the growth in
PBH masses by a factor 3 × 107. In this case, we find
that the peak of the lognormal distribution corresponds
today to approximately µ
PBH
' 11M and the lognor-
mal dispersion to σPBH ' 0.8. Note that the mean of
the PBH distribution is determined by the location of
the maximum of the power spectrum Npeak, leading to
µ
PBH
∼ 10M · e2(Npeak−28.8), while the variance is more
sensitive to the width of the peak ∆N . For the range we
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FIG. 3: Present constraints on PBH from Extragalactic
Gamma Background (EGB), femto-lensing of GRB, micro-
lensing (HSC, Kepler, MACHO and EROS), Wide Bina-
ries (WB), Eridanus II (Eri-II) and the CMB (FIRAS and
Planck). See Refs. [21, 25, 26] for a review. The primordial
black holes (dashed-dotted line) produced in Critical Higgs
Inflation could comprise all of the dark matter and still pass
current constraints. Note that a relatively narrow mass dis-
tribution of PBH does not change appreciably the constraints
(dashed gray line).
are considering, ∆N ∈ (30 − 35), then σ
PBH
∼ (0.6 − 1)
and Npeak ∼ (25− 30). Therefore, Dark Matter is domi-
nated today by PBH with masses in the range from 0.01
to 100M. As a consequence, the CHI scenario is able to
generate the high-mass black hole binary (BHB) mergers
that have been observed by LIGO. Moreover, this mass
distribution passes all observational constraints without
difficulty, see Fig. 3. Note that taking into account the
non-zero width of the distribution, as in Ref. [21], does
not significantly change the constraints, since in our case
σPBH ' 0.8, and the peak of our mass distribution is well
below the microlensing constraints.
Apart from the direct GW emission from BHB merg-
ers detected by LIGO, there are several stochastic back-
grounds coming from different epochs. One GW back-
ground comes from unresolved BHB mergers since equal-
ity, with a power law spectrum,
h2 ΩGW(f) = 8× 10−15 τm f2/3(Hz)µ5/3(M)R(σ) ,
where τm ∼ 50 events/yr/Gpc3 is the BHB merger rate
and R(σ) is an exponentially growing function of σ,
see [22]. In the near future we may be able to detect this
irreducible GW background with LISA [23]. A totally
different background arises from second-order anisotropic
stresses induced by large curvature fluctuations at hori-
zon reentry when PBH formed, which has a broad peak
in the sub nHz region and could eventually be detected
by SKA [24].
Conclusions. In this letter we have explored the pos-
sibility that the Standard Model Higgs, with a non-
minimal coupling to gravity, may have acted as the infla-
ton in the early universe, and produced all of the present
dark matter from quantum fluctuations that reentered
the horizon as huge curvature perturbations and col-
lapsed to form black holes much before primordial nu-
cleosynthesis. Taking into account the RGE running of
both the Higgs self-coupling λ and the non-minimal cou-
pling to gravity ξ, we find regions of parameter space al-
lowed by the Standard Model for which the inflaton-Higgs
potential acquires a second plateau at smaller scales,
around the critical point λ(µ) ' βλ(µ) = 0. This plateau
gives a super-slow-roll evolution of the Higgs, inducing
a high peak in the curvature power spectrum which is
very broad. When those fluctuations reenter the horizon
during the radiation era they collapse to form primor-
dial black holes with masses in the range 0.01 to 100M,
which could explain the LIGO events [1], and at the same
time evade all of the present constraints on PBH [26].
Some of these PBH may evaporate before equality; the
rest will act as seeds for galactic structures [4] and initi-
ate reionization at high redshift [27]. Such a high peak in
the matter power spectrum occurs at much smaller scales
than are probed in present large scale structure surveys,
but eventually its non-linear tails may be detectable in
the future. Moreover, this scenario of massive PBH could
explain the missing satellite problem, as well as the large
mass-to-light ratios found in dwarf spheroidals [4, 28],
and is consistent with Fermi-LAT gamma-ray observa-
tions [29]. The stochastic background of gravitational
waves from the merging of massive black hole binaries in
the dense clusters after equality could be detectable by
LISA or PTA [22, 23]. Furthermore, this CHI scenario
has also distinctive inflationary signatures, such as large
curvature fluctuations at the end of inflation that may
lead to a phase of inhomogeneous reheating.
But, more importantly, the PBH-CHI scenario opens
a new portal to test fundamental physics above the LHC
scale. The RGE running of the SM Higgs couplings,
from the electroweak scale to almost the Planck scale,
may contribute to our understanding of the stability of
the electroweak vacuum and, moreover, to constrain new
physics beyond the Standard Model of Particle Physics.
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